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(54) Writing gratings 

(57) A progressive method of writing a long grating 
(16) in a substrate (1 ) using a pulsed interference fringe 
pattern. The substrate is moved through the fringe pat- 
tern while being continuously illuminated with light (19) 



of a different wavelength to produce a diffracted beam 
(20) whose phase is monitored to produce a control sig- 
nal that regulates the pulsing of the writing beam to en- 
sure that the fringe pattern is present only when it is in 
correct registry with the grating being written. 



CM 
< 

in 
o 

CD 

in 
oo 

o 

Q_ 

LU 




1 



EP0 855 605 A2 



2 



D scription 

Background to the Invention 

This invention relates to the use of an interference 
fringe pattern, typically a fringe pattern of blue or ultra- 
violet light, to write a diffraction grating in a substrate. 

Gratings that do not have an inconveniently small 
pitch, or an inconveniently large number of grating ele- 
ments, can be created by a method in which the grating 
elements are individually written one at a time. After 
each grating element is written, the substrate is indexed 
with respect to the writing apparatus the required dis- 
tance to bring it into position for the writing of the next 
adjacent element. Amongst the available writing meth- 
ods, the writing of an individual line may, for instance, 
take the form of mechanical scribing, the form of writing 
with an e-beam in e-beam resist, or the writing with ultra- 
violet light direct -into a photosensitive optical 
waveguide. An example of this last-mentioned method 
is to be found in the specification of US Patent No 5 216 
739, the method being applied to the writing of a grating 
with a pitch of 590 pm in an optical fibre waveguide in 
order to produce coupling between two modes capable 
of propagating in that fibre with slightly different propa- 
gation constants. The useful number of grating ele- 
ments that can be written by this method is limited by 
the cumulative effects of indexing errors. 

An alternative approach is to write a group of grating 
elements simultaneously, using a fringe pattern gener- 
ated by the interference ol two beams of light. For a giv- 
en grating pitch, the number of elements that can be si- 
multaneously written is limited by the width of the inter- 
fering beams of light. In principle a longer grating can 
be created by writing it in sections, writing all the ele- 
ments of a single section simultaneously and then in- 
dexing the substrate preparatory for the writing of the 
next section. 

By this means, however, the problems associated 
with the precision of indexing are reintroduced because 
it will normally be a requirement that the pitch of the grat- 
ing continues without 'stitch errors' in an essentially 
seamless way from one section to the next. In some suit- 
able circumstance the problem of stitch errors can be 
overcome in the manner taught in the paper by R 
Kashyap et al. entitled 'Super-step-chirped fibre Bragg 
gratings', Electronics Letters (18 July 1986) Vol. 32, No. 
1 5, pp 1 394-6. In the particular context described in this 
paper it is possible to leave gaps between adjacent grat- 
ing sections formed in an optical waveguide, and then 
to use ultra-violet light to trim the effective optical path 
distance of each gap to secure a desired phase relation- 
ship between the termination of the grating section at 
one end ol the gap and the commencement of the grat- 
ing section at the other end. Even within this context of 
gratings produced in optical waveguide, limitations are 
imposed on the use ol the method if adjacent sections 
reflect spectral bands that overlap, for under these cir- 



cumstances the two sections and their intervening gap 
co-operate to form a kind of Fabry Per6t resonator. 

The problem of creating long Bragg gratings in op- 
tical fibre waveguides is also addressed in the specif i- 

5 cation of US Patent No 5 066 1 33, but the method de- 
scribed therein involves the use of a so-called Doppler 
shift inscription grating to generate the Bragg grating. 
Accordingly it is seen that in effect one problem, the cre- 
ating of the long Bragg grating, is merely exchanged for 

io a related problem, the creation of the long Doppler shift 
inscription grating. 

Summary of the Invention 

15 It is an object of the present invention to provide an 
interference generated fringe pattern method of writing 
long gratings using on-line optical monitoring to ensure 
that successive grating elements are written in the re- 
quired spatial relationship with their predecessors. 

20 The invention is particularly concerned with a meth- 
od of writing that enables the manufacture of gratings 
with a greater number of grating elements than the 
number of fringes in the fringe pattern employed in writ- 
ing it. 

25 According to the present invention there is provided 
a method of writing a grating in a medium, in which meth- 
od successive grating elements of the grating are pro- 
gressively created using a pulsed fringe pattern moved 
relative to the medium, wherein, as the grating elements 

30 are created in the medium, they are interrogated with a 
beam of light to produce a diffracted beam of light, the 
phase of which diffracted beam is employed to generate 
a control signal which is used to regulate the pulsing of 
the fringe pattern so that pulses occur only when there 

35 is coincidence between individual members of the cre- 
ated grating elements and individual fringes of the fringe 
pattern. 

The fringe pattern is typically an interference gen- 
erated fringe pattern of light, but it could alternatively be 

40 an interference generated fringe pattern of electrons. 

The medium in which the grating is written may for 
instance be a film of photoresist or e-beam resist. The 
resist film may then be used as a mask to transfer the 
pattern of the grating directly or indirectly into a sub- 

45 strate underlying the resist. Alternatively the fringe pat- 
tern may be employed to write the grating directly into 
the medium that is to constitute the final grating. For in- 
stance the writing can be direct writing into an optical 
waveguide to produce a Bragg grating in that waveguide 

50 by means of the photorefractive effect of ultra-violet 
light. 

A convenient way of using the phase of the diffract- 
ed beam of light is to regulate the pulsing of the fringe 
pattern is to interfere that diffracted beam on a photo- 
55 detector with an equivalent beam of known phase. This 
beam of known phase may be generated by diffraction 
of light from a control grating that is maintained in fixed 
spatial relationship with the fringe pattern. Alternatively 
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the beam of known phase may. for instance, be derived 
from specular reflection from the surface of the medium 
in which the grating is being written. 

Brief Description of the Drawings 5 

There follows a description of the writing of gratings 
whose lengths are not limited either by the size of the 
writing beam or by that of any of the optical components 
in the apparatus employed to write those gratings. The io 
description refers to the accompanying drawings in 
which Figures 1 to 3 are schematic depictions respec- 
tively of three alternative specific forms of apparatus 
employed for such writing. 

Detailed Description of a Preferred Embodiment 

Referring to the accompanying drawings, the appa- 
ratus of Figure 1 is designed for writing a grating in a 
medium indicated generally at t . By way of specific ex- 20 
ample this medium can be a film of photoresist (for in- 
stance a film of positive resist marketed by Shipley un- 
der the designation AZ 1350) on a chromium layer on a 
quartz substrate. Subsequent to the writing of a grating 
in the photoresist, the latent image fringe pattern is de- 2$ 
veloped to form a mask for etching a corresponding grat- 
ing into the underlying chromium layer. This grating in 
the chromium layer is then, in its turn, employed as a 
mask for the etching of a corresponding grating in the 
underlying quartz. In this way a phase grating is formed 
in the quartz which can be used to create a fringe pattern 
in the core of an optical waveguide, typically an optical 
fibre waveguide, located in close proximity to the quartz 
phase grating. With the aid of such a fringe pattern a 
Bragg grating can be created in the waveguide by utili- 
sation of the photorefractive effect in the core of that 
waveguide. With appropriate modification of the appa- 
ratus, it can alternatively be used to employ the photore- 
fractive effect to write a Bragg grating directly into an 
optical waveguide instead of working through the inter- 
mediary photoresist grating and phase grating. 

The apparatus of Figure 1 can be considered as be- 
ing composed of three parts. The first of these parts 
comprises a part employed to generate an interference 
fringe pattern in the medium 1 . The second part com- 
prises a part employed to generate a diffracted beam of 
light of a different wavelength from that used to generate 
the fringe pattern and, with the aid of a control grating, 
to use the phase of that diffracted beam to generate a 
control signal for regulating the pulsing of the fringe pat- 
tern. The third part comprises a part employed to regu- 
late the spacing between the control grating and the me- 
dium 1 in which the grating is being written. 

The first part 5 the part employed to generate the in- 
terference pattern in the medium 1 , uses a polarisation 
sensitive beam-splitter 2 to divide light from a laser 3 
into two beams 4 and 5. This light is of a first wavelength 
X,, a wavelength that reacts with the medium 1. Beam 



4 is reflected by a mirror 6 : and then the two beams are 
directed through associated lens and spatial light filter 
combinations 7 and 8 to form beams 9 and 10 which 
overlap in part at medium 1 . In the region of overlap, the 
two beams 9 and 10 interfere to form a fringe pattern 
whose contrast is controlled by the choice of orientation 
ol two half-wave plates 11 and 12. 

Thus far in the description of this first part of the ap- 
paratus has not been distinguished from a standard ap- 
paratus for generating an interference fringe pattern. 
The light reaching the beam splitter 2 from the laser 3 
reaches it by way of an acousto-optic modulator 1 3 driv- 
en by first analysis electronics 14. The output of this 
electronics 14 switches the modulator 13 between two 
states. In one state the light from laser 3 is directed by 
modulator 1 3 into the polarisation beam-splitter 2, while 
in the other state the light is directed by it into a non- 
reflecting absorber 15. 

Each time the fringe pattern is pulsed under the con- 
trol of the first analysis electronics 14, the light of the 
pattern interacts with the medium 1 to produce a corre- 
sponding pattern of grating elements 16 in some phys- 
ically observable parameter of that medium. Typically 
the intensity of the fringe pattern and the duration of the 
pulses will be such that several hundreds or thousands 
of pulses are required to produce the required depth of 
modulation of that parameter. With repetitive pulsing, 
and with a medium 1 held in fixed spatial relationship 
with respect to the fringe pattern, a grating of the re- 
quired modulation depth can thus be built up in the me- 
dium, but the number of grating elements 16 in the grat- 
ing is limited by the number of fringes in the fringe pat- 
tern. To overcome this limitation, the medium is moved 
relative to the fringe pattern between pulses in the di- 
rection indicated by arrows 17, and the pulses are ar- 
ranged to occur only when already written grating ele- 
ments lying within the range of the fringe pattern are in 
registry with those fringes. Typically, but not necessarily, 
it will be arranged that one pulse will be caused to occur 
each time the relative movement has been augmented 
by one grating element pitch. Under these circumstanc- 
es each successive grating element begins to be written 
as the relative movement causes it to enter the fringe 
pattern. It then gradually gains in strength (modulation 
depth) as it moves through the fringe pattern, and leaves 
the fringe pattern at its full strength on the far side. If the 
relative movement is discontinuous, it is possible to ar- 
range for there to be quite a number of pulses at each 
point of registry. At the commencement of the writing of 
a grating the modulation depth produced by the first 
pulse on its own will be so small as to be quite inade- 
quate for acceptable control of subsequent pulsing. Un- 
d r these circumstances therefore the pulsing is contin- 
ued without relative movement until sufficient modula- 
tion depth is achieved, and only then is relative move- 
ment commenced. 

Attention is next turned to the second part of the 
apparatus of Figure 1 , the part concerned with the con- 
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trol of the pulsing. For this control, light from a second 
laser 18 emitting at a wavelength 7^ that does not react 
with medium 1, or alternatively at )^ and >^ in a dual 
wavelength configuration in which neither ^ nor re- 
acts with the medium 1, is directed in a beam 19 at the 
already written grating elements 16 in the region of the 
point at which they are emerging from the fringe pattern 
generated by laser 3 emitting at wavelength X v This la- 
ser beam 19 is diffracted by those grating elements to 
produce a diffracted beam 20 which is arranged to be 
incident upon a photodetector 21 . The laser beam 19 is 
in fixed spatial relationship with respect to the fringe pat- 
tern generated by laser 3, and so the phase of diffracted 
beam 20 at the photodetector changes as the grating 
elements 16 are carried along by the movement of the 
medium 1 . Clearly the phase sweeps through 2n each 
time the grating elements 16 move through one pitch 
distance. If one can measure this phase, then it clearly 
is possible to use such measurement to control the puls- 
ing of the acoustic modulator so as to obtain the required 
registry condition. An actual measurement of the phase 
is not required: all that is required is an indication of 
when the desired phase condition is present. One con- 
venient way of providing such an indication is to inter- 
fere, at the photodetector 21, the diffracted beam with 
another beam 22 of equivalent amplitude, and whose 
phase is fixed in relationship with the desired phase, 
preferably at k from the desired phase. Under these con- 
ditions there will be destructive interference : and hence 
the signal output from the photodetector 21 will pass 
through a minimum whenever the desired phase rela- 
tionship of diffracted beam 20 occurs. Thus an output 
taken from the photodetector 21 . and applied as an input 
to the first analysis electronics 14, provides a suitable 
control signal for its use in regulating the operation of 
the acoustic modulator 13. The beam 22 of equivalent 
amplitude and appropriate phase may conveniently be 
provided by a control grating 23 that is also illuminated 
by beam 19. This control grating 23 has grating ele- 
ments at the same pitch as the written grating elements 
1 6 arranged to extend in the same direction with the two 
gratings extending in parallel planes at constant sepa- 
ration. The need for constant separation arises because 
if, in the course of the movement of the medium 1 , this 
separation were to change, such a change would upset 
the phase relationship at detector 21. 

Maintenance of constancy of separation is the func- 
tion of the third part of the apparatus of Figure 1. This 
function can be performed also using the beam of light 
1 9 emitted by laser 18. To this end the part of the beam 
of tight 1 9 that is specularly reflected by the control grat- 
ing as beam 24 is interfered on a photodetector 25 with 
the part of the beam of light 1 9 that is specularly reflect- 
ed by the medium 1 as beam 26. The output of the pho- 
todetector 25 is fed to second analysis electronics 27 to 
provide a feedback control output controlling the oper- 
ation of a micromover 28 to which the control grating 23 
is attached, such operation being such as to provide the 



desired constancy of separation between the control 
grating 23 and the medium 1. 

Attention is now turned to the apparatus of Figure 
2. This apparatus has many components that have their 
5 counterparts in the apparatus of Figure 1, and such 
components are identified by the same index numerals 
in both instances. The primary difference between the 
two sets of apparatus lies in the way that the indication 
of the desired phase condition of the diffracted beam 20 
J0 of light of wavelength ^ is determined. In the case of 
the apparatus of Figure 1 , this is determined with the aid 
of light diffracted from a control grating 23. In the case 
of the apparatus of Figure 2, such use of a control grat- 
ing is dispensed with, and instead alternative use is 
*5 made of the light of wavelength is specularly re- 

flected by the medium 1 as beam 22. After suitable at- 
tenuation in an attenuator 29, and reflection in a mirror 
30. the two beams 20 and 22, now of substantially equal 
intensity, are combined by combiner 31 to interfere on 
2 ° the photosensitive surface of photodetector 21. The 
avoidance of the need for a control grating 23 means 
that the second photodetector 25, the second analysis 
electronics 27, and the micromover 28 can also be dis- 
pensed with. 

25 in both the apparatus of Figure 1 , and that of Figure 
2, the fringe pattern is formed by using a beam-splitter 
2 to divide the amplitude of the emission from laser 3 
into two components which are subsequently combined. 
An alternative way of forming the requisite fringe pattern 
so relies upon division of wavefront instead of division of 
amplitude. For this purpose, the emission from laser 3 
is arranged to be incident upon a diffraction grating (a 
wavefront incident upon such a grating is divided by its 
grating elements), and the fringe pattern is generated 
35 close-by by the overlapping of different diffraction or- 
ders. This is the approach adopted in the case of the 
apparatus of Figure 3, which employs a phase grating 
as its diffraction grating. 

The apparatus of Figure 3 similarly has many com- 
40 ponents that have their counterparts in the apparatus of 
Figure 2, or in both that of Figure 1 and that of Figure 2. 
Such components are identified by the same index nu- 
merals in the differnt figures. The apparatus of Figure 3 
employs the same method of obtaining the indication of 
45 the desired phase condition of the diffracted beam 20 of 
light of wavelength as is employed in the apparatus 
of Figure 2. This indication is used in the same manner 
to control the pulsing of the emission of laser 3, switch- 
ing that emission into the non-reflecting absorber when- 
50 ever it is not wanted for generating the fringe pattern. 
The arrangement of the beam-splitter 2, mirror 6, lens 
and spatial light filter combinations 7 and 8, and half- 
wave plates 11 and 12, is taken by the combination of 
an alternative lens and spatial light filter combination 32, 
55 and a phase grating 33. The grating 33 is located in 
close proximity to the medium 1 , while the lens and spa- 
tial light filter combination is arranged to flood this grat- 
ing with collimated light so as to form a fringe pattern, 
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of twice the pitch of the grating, just beyond the far side 
of that grating from the incident light. The particular ar- 
rangement of Figure 3 has light of wavelength X, and ^ 
incid nt upon the medium 1 from opposite sides, and so 
in this instance the medium 1 should not b supported 
upon a substrate that is opaque to both wavelengths. 
This would for instance generally preclude the use of a 
substrate incorporating a film of chromium : but its place 
can in suitable circumstances be taken by a film of iron 
oxide in a form providing adequate transmission in the 
red region of the visible spectrum. 

The pitch of the fringes produced by the division of 
wavefront approach of the apparatus of Figure 3 is not 
dependent upon the wavelength > M emitted by laser 3, 
but instead is determined by the pitch of grating 33. This 
means that, in the case of this apparatus, the stability 
of emission wavelength of the laser 3 is not critical. The 
situation is somewhat different in respect of the fringe 
patterns produced by the division of amplitude approach 
of the apparatus of Figure 1 and that of Figure 2. In these 
instances the pitch of the fringe pattern is determined in 
part by the value of the emission wavelength \ v and in 
part by the angle between the two beams respectively 
formed by the lens and spatial light filter combinations 
7 and 8. For creating gratings in a photoresist medium 
1 , the laser 3 may conveniently be constituted by an ar- 
gon ion laser emitting typically about 100 mW at 457.9 
nm, or, in order to provide greater sensitivity, a helium 
cadmium laser emitting at 441 .6 nm. A shorter emission 
wavelength laser emitting in the ultra-violet is required 
for direct writing of a Bragg reflection grating in an opti- 
cal waveguide using the photorefractive effect. This may 
for instance be constituted by a frequency doubled ar- 
gon ion laser emitting at 244 nm. 

Clearly a uniform pitch grating can be written in me- 
dium 1 with the apparatus of any one of Figures 1 to 3 
but, because the pitch of the fringe pattern using the ap- 
paratus of Figure 2 depends in part upon the angle be- 
tween the two interfering beams that create that fringe 
pattern, it should also be clear that a chirped grating (a 
grating whose pitch is a function of position along the 
length of the grating) can be written in medium 1 using 
this apparatus by arranging to vary this angle in a 
smooth controlled manner during the writing process. 

A stable wavelength is a prerequisite for precise de- 
termination of the desired phase condition of the diffract- 
ed beam 20 from laser 18 emitting at ,n respect of 
gratings created in a medium 1 constituted by a layer of 
photoresist this wavelength 7^ may be provided by the 
output at 532 nm provided by a stabilised frequency 
doubled YAG laser. 



Claims 

1. A method of writing a grating in a medium (1), in 
which method successive grating elements (16) of 
the grating are progressively created using a pulsed 



fringe pattern moved relative to the medium, where- 
in, as the grating elements (16) are created in the 
medium, they are interrogated with a beam of light 
(19) to produce a diffracted beam of light (20), the 

s phase of which diffracted beam is employed to gen- 
erate a control signal which is used to regulate the 
pulsing of the fringe pattern so that pulses occur on- 
ly when there is coincidence between individual 
members of the created grating elements and indi- 

10 vidual fringes of the fringe pattern. 

2. A method as claimed in claim 1 , wherein the fringe 
pattern is a fringe pattern of light. 

is 3. A method as claimed in claim 2, wherein the fringe 
pattern of light is of ultra violet light. 

4. A method as claimed in claim 2 or 3, wherein the 
medium in which the grating elements are written is 

20 photoresist. 

5. A method as claimed in any preceding claim, where- 
in the medium in which the grating elements are 
written is the core of an optical waveguide. 

25 

6. A method as claimed in any preceding claim, where- 
in the phase of the diffracted beam is employed to 
generate a control signal by optically interfering it 
upon a photodetector (21) with a reference signal 

so (22) of predetermined phase. 

7. A method as claimed in claim 6, wherein the refer- 
ence signal of predetermined phase (22) is provid- 
ed by employing part of the interrogation beam of 

35 light (19) to produce a further diffracted beam of 
light provided by diffraction from grating elements 
formed in a control grating (23). 

8. A method as claimed in any preceding claim, where- 
40 in the fringe pattern is created by a diffraction grat- 
ing (33). 

9. A method as claimed in any claim of claims 1 to 7, 
wherein the fringe pattern has a pitch whose value 

45 is varied during the* writing of the grating so as to 
write a chirped grating. 

10. A method of writing a grating in a medium (1), 
wherein grating elements (1 6) ol the grating are cre- 

so ated in the medium by a pulsed effectively linear 
fringe pattern, wherein light (1 9) of a wavelength not 
employed for said creation of the grating is directed 
at ones of the written grating elements (16) during 
said writing to form a diffracted beam of light (20) 

55 diffracted by said ones of the written grating ele- 
ments, wherein the medium is progressively mov d 
relative to the fringe pattern in a manner repetitiv ly 
providing coincidence between individual ones of 
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the written grating elements and different ones of 
the fringes of the fringe pattern, and the phase of 
the diffracted beam of light is monitored to generate 
a control signal which is employed to control the 
pulsing of the fringe pattern such that, subsequent 5 
to the commencement of said relative movement 
following commencement of the creation of the grat- 
ing elements, each succeeding pulse is timed to oc- 
cur only when there is coincidence between individ- 
ual ones of the grating elements and individual ones io 
of the fringes of the fringe pattern. 

11. A method of progressively writing in a medium (1) 
a grating composed of a series of grating elements 
(16) spaced at a uniform pitch, which grating ete- is 
ments are created in the medium by a pulsed fringe 
pattern composed of a set of effectively linear fring- 
es spaced at a uniform pitch, wherein the medium 
is moved progressively relative to the fringe pattern 
so that the written grating elements pass through 20 
coincidence with different fringes of the fringe pat- 
tern, wherein light (19) of a wavelength not em- 
ployed for said creation of the grating is directed at 
ones of the written grating elements (1 6) during said 
writing to form a diffracted beam of light (20) diffract- 25 
ed by said ones of the written grating elements, 
wherein the phase of said diffracted beam of light 
is monitored to generate a control signal which is 
employed to control the pulsing of the fringe pattern 
such that once the writing of the grating elements *o 
has commenced, the fringe pattern pulses are 
timed to occur only when there is coincidence be- 
tween individual ones of the grating elements and 
individual fringes of the Iringe pattern. 
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